Abstract Artificial input of energy into the flow is necessary to create and maintain a statistically stationary isotropic turbulence for sampling in studying the statistics. Due to the nonlinear coupling among different Fourier modes through the triadic interaction, whether or not various forcing schemes affect the statistics in turbulence is an important and open question. We present detailed comparison of Lagrangian statistics of fluids particles in forced isotropic turbulent flows in 128 3 , 256 3 , and 512 3 simulations, with Taylor-scale Reynolds numbers in the range of 64-171, using a deterministic and a stochastic forcing scheme, respectively. Several Lagrangian statistics are compared, such as velocity and acceleration autocorrelations, and moments of Lagrangian velocity increments. The differences in the Lagrangian statistics obtained from the two forcing schemes are shown to be small, indicating that the isotropic forcing schemes used have little effects on the Lagrangian statistics in the isotropic turbulence.
Introduction
Following fluid particles in turbulent flows from the Lagrangian viewpoint is conceptually natural and practically feasible to study turbulent mixing and dispersion of contamThe project was supported by the 973 Program of China (2013CB834100), the National Natural Science Associate Foundation of China (U1230126), and the National Science Foundation of China (11472277 and 11232011).
J.-C. Chen · G.-D. Jin ( ¬ ) · J. Zhang LNM, Institute of Mechanics, Chinese Academy of Sciences, 100190 Beijing, China e-mail: gdjin@lnm.imech.ac.cn inants. Taylor [1] studied the single particle turbulent dispersion, Richardson [2] studied the relative turbulent dispersion of particle pairs. Batchelor [3, 4] built connection between the concentration field of contaminants and the statistics of fluid particle motions. Durbin [5] established a stochastic model of two-particle dispersion which is consistent with Richardson's 4/3 law. He and his coworkers developed a series of elliptic models for two-point, two-time correlation of Eulerian [6, 7] and Lagrangian [8] velocities, respectively, which have been powerful tools for turbulence measure [9] . In recent years, direct numerical simulation (DNS) and largeeddy simulation (LES) have been taken as main tools to explore the fundamental features of turbulence and its interaction with other physical process [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . In order to obtain turbulence statistics under stationary conditions in isotropic turbulent flows, energy is fed into the flow at large scales to balance the energy dissipation at small scales by molecular viscosity in DNS or by both molecular viscosity and subgrid scale (SGS) eddy viscosity in LES. Otherwise, the unsteady or decaying turbulent flows complicate the analysis of the statistical quantities.
Different kinds forcing schemes are developed to feed energy into the flow to maintain statistically stationary conditions, see Ref.
[24] and the references therein. In a deterministic forcing scheme [25], the energy in each of the first two wavenumber shells (0.5 < k 1.5 and 1.5 < k 2.5) is maintained constant and the ratio of the energy between the two shell is consistent with the Kolmogorov k −5/3 scaling law. The stochastic forcing scheme developed by Eswaran and Pope [26] has been widely used in maintaining a stationary isotropic turbulence. It is an Uhlenbeck-Ornstein random process at each of the forced modes.
The forcing schemes are based on Kolmogorov's hypothesis [27] of statistical independence between large flow structure and small-scale structure at high Reynolds number. However, the nonlinear coupling among different modes in spectral space implies that the forced large-scale mode may affect the small-scale mode through the non-local triadic interaction involving one mode located in the forced lowwave number range and two modes located in high wavenumbers, so it is necessary to justify the validity of the use of low-wavenumber forcing in DNS. Eswaran and Pope [26] focused on the effect of forcing parameters with stochastic forcing scheme, which showed that small scale structures of the velocity field are insensitive to the details of forcing. Yeung and Pope [28] presented Eulerian energy and dissipation spectral functions in isotropic turbulence with stochastic scheme. They proved that large scales are much sensitive than the small scales to the forcing parameters. Overholt and Pope [29] proposed a deterministic forcing scheme and make a comparison with stochastic scheme, yielding similar results. Rosa et al. [25] employed both stochastic and deterministic forcing schemes to test the effects of large-scale driving schemes on the collision-related statistics such as radial distribution function and radial relative velocity. They found that the collision statistics were insensitive to the nature of forcing for small inertial particles. Since the relative dispersion of fluid particles is mainly determined by smallscale motions [30] , the objective of the present study is to check whether the Lagrangian statistics are affected if different forcing schemes are adopted. This paper is organized as follows. In Sect. 2, we describe the numerical methods for both flow field and fluid particles. In Sect. 3, we firstly validate the codes by comparing our results with those from the reference with the same forcing scheme. We then study the effects of forcing time scale in stochastic forcing scheme and finally compare the Lagrangian statistics between the results obtained from the deterministic scheme and those obtained using the stochastic scheme. We give the conclusions in Sect. 4.
Numerical simulations
The governing equations for turbulent flow and fluid particles motions are briefly described in this section.
Flow field
In spectral space, the Navier-Stokes equations for a forced isotropic and incompressible turbulent flow can be represented as
whereû u u(k k k, t) is a Fourier mode or the velocity in Fourier space, k k k = (k x , k y , k z ) the wavenumber vector and k = |k k k|, u u u and ω ω ω fluid velocity and vorticity in physical space, ν fluid kinematical viscosity. The projection tensor P jm = δ jm − k j k m /k 2 ( j, m = 1, 2, 3) and denotes a Fourier transform. The random artificial forcef f f (k k k, t) is used to drive and maintain the turbulent flow at low wavenumbers.
In this paper, two schemes are used for the random
